Experimental mouse chimeras were used to determine the site(s) of gene action in the weaver mutant cerebellum. Chimeras containing mixtures of heterozygous weaver (uIu/+) and non-weaver (+/+) cells were produced by the standard embryo aggregation technique. The non-weaver component of the chimera was chosen so that Purkinje cells or granule cells could be distinguished histologically from weaver Purkinje or granule cells. Levels of /?-glucuronidase activity were used to mark Purkinje cells, with the weaver strain having a high fi-glucuronidase activity, while the nonweaver strain had low P-glucuronidase activity. The increased centralized clumping of heterochromatin in ichthyosis (ic) mutant mice compared to non-ic mice was used to mark granule cell populations. In the weaver chimera, there was a decreased cerebellar size, decreased numbers of Purkinje and granule cells, and increased ectopic Purkinje and granule cells compared to nonweaver, control mice. With the glucuronidase cell marker, it was found that there was no correlation between ectopia and genotype; that is, genetically normal cells, as well as weaver cells, were found in ectopic positions. Thus, the weaver gene acts extrinsic to the Purkinje cells in creating the ectopia characteristic of heterozygous weaver mutants. Analysis of the ectopic granule cells, however, revealed that 100% of the ectopic granule cells were from the weaver component of the chimera. Thus, the weaver gene intrinsically affects granule cells in causing ectopia. Other hypothetical sites of gene action would produce a genetically mixed population of ectopic granule cells, which was not the case in this study. These findings are discussed in relation to other abnormalities in the heterozygous weaver mutant and in regard to the Bergmann glia and homozygous mutant. Finally, speculations on the nature of the granule cell deficit are discussed briefly.
and Dembitzer, 1973; Hirano et al., 1977) , neuronal interactions in the formation of synaptic contacts (Sotelo, 1975) , the impetus for foliation (Rakic and Sidman, 1973c) , and the role of Bergmann glial cells and their fibers in guiding migrating granule cells (Rakic and Sidman, 1973a) . In order to extend these observations to explanations of cellular interactions during development, it is necessary to know to what extent the observed pathology is related to the primary effects of the mutation. Thus, a true picture of the events that mold the weaver cerebellum can be achieved only by knowing the site(s) of gene action.
The most noticeable deficit in the homozygous weaver cerebellum is its diminutive size. This is largely due to the nearly complete absence of granule cells, the most numerous neuron in the normal cerebellum. In addition to this marked loss of granule cells, there are also deficits in the number of Purkinje cells (Rezai and Yoon, 1972) and Bergmann glia cells (also known as Golgi epithelial cells; Rakic and Sidman, 1973a) . Many of the Purkinje and Bergmann glia cells that remain are ectopic and have misshapen apical processes. The cerebellum of heterozygous weaver mice (mu/+), which have only a single dose of the weaver gene, is affected in the same fashion as that of WV/WV mice but with a greatly attenuated pathology (Rezai and Yoon, 1972; Rakic and Sidman, 1973b) .
The granule cell deficits in the heterozygous and homozygous weaver cerebellum have been attributed to a disorder of the Bergmann glia cells (Rakic and Sidman, 1973a) . Observations of the developing cerebellum indicated that the granule cells are closely apposed to Bergmann glia fibers during the course of their migration from the external to the internal granular layer (Mugnaini and Forstronen, 1967; Rakic, 1971) . Based upon an analysis of granule cell production and migration in WV/+ cerebellum, Rezai and Yoon (1972) concluded that the granule cell deficit was a result of faulty migration. The observation of aberrant Bergmann glia fibers and reduced numbers of Bergmann glia cells in WV/+ and WV/WV cerebella provided evidence to argue persuasively the case for a vital role in granule cell migration for the radially oriented Bergmann glia (Rakic and Sidman, 1973a, b, c) . A subsequent finding that Bergmann glia cells are present in the prenatal mouse cerebellum (Swarz and Oster-Granite, 1978) provided the necessary temporal sequencing for an important role for glia in guiding the successful migration of cerebellar granule cells. Evidence contrary to this view came from other studies of the weaver cerebellum. Bignami and Dahl (1974) used the immunofluorescent localization of glial fibrillary acidic protein to show that Bergmann glia fibers were normal in WV/+ mice and not as severely affected in WV/WV mice as had been reported originally by Rakic and Sidman (1973a) . Furthermore, ultrastructural observations of the WV/WV cerebellum showed that a few granule cells were able to migrate through the molecular layer into the internal granule layer where they then died, suggesting that the defect in migration was not the cause of granule cell fatality (Sotelo and Changeux, 1974) . These ultrastructural studies by Sotelo and Changeux (1974) supported the immunofluorescent findings concerning the presence of Bergmann glia in the weaver cerebellum. From this work, Sotelo and Changeux suggested that the granule cells "are closer than the glial cells" to the primary target of the mutation. The cause of the Purkinje cell abnormalities in this mutation, however, has not been investigated.
It is conceivable that the mutant gene may be acting in any, all, or none of the affected cell types. Experimental mouse chimeras have been used successfully to determine the site of gene action in other cerebellar mutants (see Mullen and Herrup, 1979) . By this method, an B-cell embryo of the mutant genotype is aggregated with an Scell embryo of the wild type genotype (+/+) to produce a mouse with cells derived from both genotypes. The choice of the +/+ embryo is based upon a particular genetic cell marker which will differentiate +/+ cells from the mutant cells in the chimera. By analyzing the genotype of cells (via cell markers) compared to the phenotype (normal or mutant), one can implicate directly or rule out a particular cell type as a site of the mutant gene's action.
In this study, we examined WV/-~ chimeras to determine if the cerebellar pathology of the WV/+ mouse could be attributed to the weaver gene acting in both or either of the primarily affected neuronal cell types: the Purkinje and/or the granule cell. A cell-marking system for the Bergmann glia cell has not yet been established in our laboratory, and therefore, in this study, we were unable to assess the weaver gene's action upon this cell type.
,&Glucuronidase was used as the marker for Purkinje cells (Mullen, 1977a) . Most weaver mice in our colony are homozygous for the structural gene that determines high levels of P-glucuronidase activity (Gush/Gush). Embryos from a low /I-glucuronidase strain (Gush/Gush) of mice were used as the other component of the chimera. Ichthyosis (ic/ic) mice have an abnormal, central accumulation of heterochromatin in the nucleus of cerebellar granule cells (Goldowitz and Mullen, 1982) , and this nuclear phenotype was used to identify WV/-+/+ granule cells from +/+ ic/ic granule cells in experimental weaver w ichthyosis chimeras. In this paper, we report on our analyses of WV/-Gusb/Gusb H +/+ Gush/Gush and WV/-+/+ t-, +/+ ic/ic chimeras. These studies indicate that the weaver locus acts extrinsic to the Purkinje cells but intriinsic to the granule cells in producing the heterozygous weaver cerebellum.
Materials and Methods
Mice and chimera production. Five strains of mice that carried the weaver mutation were maintained in our laboratory for use in these experiments. The genetic backgrounds of these strains were as follows: C57BL/6 bg/bg (beige); BGCBA (obtained from the Jackson Laboratory, Bar Harbor, ME); B6C3H bg/bg (beige); a BGC3H-derived strain that was heterozygous at the beige, P-glucuronidase, and agouti loci; and this same strain carrying the ichthyosis gene. Chimeras were made as described by Mullen and Whitten (1971) . In many of the experiments, ovulation was induced by the use of 1 to 2 IU of pregnant mare serum (Sigma, St. Louis, MO) followed in 44 hr by the same dose of human chorionic gonadotropin (Sigma). Two days after the detection of a vaginal plug, the female's oviducts were flushed to harvest the g-cell embryos. The zona pellucida was removed from the embryos by gentle Pronase treatment. Embryos were aggregated and cultured overnight. Fused embryos that had reached the late morula or early blastula stage of development were transferred to the uteri of pseudopregnant B6D2F1 mice.
For the production of chimeras designed to study the Purkinje cells, /&glucuronidase was used as the indepen- Vol. 2, No. 10, Oct. 1982 dent cell marker to distinguish between weaver and normal genotypes. The weaver embryos had the Gush allele determining high P-glucuronidase activity (wu/+ Gusb/Gusb). The low P-glucuronidase (Gush/Gush) component of the chimera was derived from matings of C3H and CBA or CBA and CBA mice (+/+ Gush/Gush). For the production of chimeras designed to study the granule cells, the ichthyosis (ic) nuclear phenotype was used as the differential cell marker (see Goldowitz and Mullen, 1982) . Weaver embryos +/+ at the ichthyosis (ic) locus were used (wu/+ +/+). Homozygous ichthyosis embryos +/+ at the WV at locus were used for the other component of the chimera (+/+ ic/ic). Two WV/-Gusb/Gusb ++ +/+ Gush/Gush and eight WV/-+/+ f-, +/+ ic/ic chimeras were analyzed for this study.
Marking of Purkinje cells with ,&glucuronidase histochemistry. Mice were perfused with a 4% paraformaldehyde solution in 0.1 M phosphate buffer (pH 7.3) at 4°C. Whole heads were immersed in the 4°C perfusate solution for 2 to 4 hr. The brains then were removed and postfixed for an additional 2 to 4 hr in the same cold perfusion solution. The brains were rinsed with daily changes of a 10% polyvinylpyrrolidone (Sigma), 6% sucrose solution for 4 days. This was followed by a single change of cold water and three changes of cold 98% acetone. Brains were infiltrated with polyethylene glycol 400 distearate (Ruger Chemical, Irvington, NJ) and embedded in the same medium. Sagittal, 8-ym sections were cut on a microtome and stained for the histochemical demonstration of P-glucuronidase according to the procedure of Hayashi et al. (1964) as modified by Feder (1976) . Sections were stained three times, with the addition of new media each time, for a total period of 40 to 72 hr. The reaction product was red and brain sections were counterstained lightly with methyl green. Purkinje cells with just the green counterstain were identified as belonging to the Gush/Gush genotype, whereas Purkinje cells with deposits of red stain were identified as being derived from the Gusb/Gusb genotype. Two Gusb/Gusb t-, Gush/Gush chimeras that were shown by progeny tests to be +/+ at the weaver locus were used as age-matched controls. Two WV/+ mice were analyzed to quantify the heterozygous weaver effect upon Purkinje cell numbers, the length of the Purkinje cell layer, and Purkinje cell ectopia (consisting of clearly identifiable Purkinje cells removed by at least one somal diameter from the row of aligned Purkinje cells). These measurements were made from sections that were approximately 880 pm lateral to midline (according to Sidman et al., 1971) . This region of the cerebellum is characterized by the most medial attachment site between the cerebellum and brainstem and the lateralmost portion of the lingula.
Marking granule cells using the ichthyosis (IC) nuclearphenotype. Mice were perfused with one-fourth and then one-half strength Karnovsky's fixative in 0.1 M phosphate buffer, pH 7.2 (Karnovsky, 1965) . Brains were removed from the skull after 1 hr of postfixation and stored in one-half strength fixative overnight. On the following day, each side of the cerebellum was cut in four or five sagittal slices. Tissue was placed in a 2% osmium tetroxide, 5% sucrose, 0.1 M phosphate-buffered solution for 90 min; rinsed with water and acetate buffer; and stained overnight with a slightly acidic solution of 0.5% uranyl acetate. Tissue slices then were embedded in either Epon or an Epon/Araldite mixture. Toluidine blue was used to stain l-pm sections cut on an LKB V Ultrotome. The IC nuclear phenotype, consisting of large, clumped, centrally placed masses of heterochromatin, was readily evident in l-pm sections stained with toluidine blue. As previously determined (Goldowitz and Mullen, 1982 ), a granule cell was graded as IC positive if the area of the centrally placed mass of heterochromatin equaled or exceeded 10% of the total area of the nucleus. In our initial work, measurements were made from photomicrographs (magnification X 2,460) with a Numonics area analyzer. In subsequent work, granule cells were measured directly from the microscope with a drawing tube attachment (final magnification X 600). The person scoring the cells was unaware of the source of the tissue. Questionable cells were traced and measured with the Numonics area analyzer to determine whether the cell was IC positive or negative. A population of at least 300 granule cells from the granular layer of the anteromedial cerebellum was analyzed to determine the expression of the IC phenotype in granule cells residing in the granular layer. The expression of the IC phenotype in ectopic granule cells residing in the molecular layer was determined from one complete l-pm section of the cerebellum or a region large enough to have about 300 such ectopic granule cells. Thus, the expression of the IC nuclear phenotype was determined for granule cells in the granular and molecular layers of five groups of mice: (1) +/+ +/+ mice (i.e., +/+ at the weaver and ichthyosis loci), (2) WV/+ +/+ mice, (3) +/+ ic/ic, (4) wv/+ ic/ic, and (5) chimeras that were LOU/-+/+ t-, +/+ ic/ic. The number of granule cells in single l-pm midsagittal sections was estimated by multiplying the granule cell density (sample area of approximately 0.05 mm') by the total area of the granular layer.
Determination of degree of chimerism. The chimerism of Purkinje and granule cells was determined quantitatively. In WV/-Gush/Gus" t-, +/+ Gush/Gush chimeras, each Purkinje cell in a population of between 400 and 700 was scored as being derived from either the Gus" component (red stain in cells) or the Gush component (no red stain). From these data, the proportion of mutant and normal Purkinje cells in the chimera was determined.
The degree of chimerism of a granule cell population was determined from the following equation: Granule Cell Defect in Weaver Mutant chimeras (H and J) had coats that indicated a mixture of both genotypes (beige and agouti for WV/-Gusb/Gusb a/a bg/bg * +/+ Gush/Gush A/A +/+ and hair and no hair for WV/-+/+ t-) +/+ ic/ic). Chimera H appeared to be all ic/ic, and chimera J was all WV/-. In the WV/-Gusb/Gusb w +/+ Gush/Gush chimeras, 59% and 65% of the Purkinje cells stained positively for high /?-glucuronidase activity. In the WV-+/+ t-, +/+ ic/ic chimeras, varying proportions of the granular layer granule cells were calculated to be derived from the WV/-component (see Table V ). As can be seen from the percentages in Table V , chimeras C through G displayed an internal granular layer with granule cells from both the ic and WV/-genotypes. It was calculated that, in chimera H, 100% of the granule cells in the internal granule cell layer were ic/ic in genotype, whereas in chimeras I and J, 95% and 100% were WV/+ in genotype. Thus, these three chimeras did not exhibit mosaicism in the portions of the cerebellum examined. Several features of the seven WV/ -t, +/+ chimeric cerebella (A through G and I) indicated that both the WV/-and +/+ genotypes were being expressed. The sizes of the cerebellum of these chimeras were smaller than +/+ controls but larger than WV/+ cerebella ( Fig. 1 ; Table I ). This was due to two features of the weaver cerebellum that are expressed in WV/-t, +/+ cerebella: (I ) a decreased number of granule cells in the internal granule cell layer and (2) a decreased number of Purkinje cells. These deficits are quantified in Table  II . Because of the reduction in granule and Purkinje cell populations that normally occurs in WV/+ cerebellum, the real proportion of the weaver component in the chimeras might be higher than the percentages noted if there is a selective reduction in cell populations derived from the WV/-component.
The most apparent expression of the w;/-component in chimeric cerebella is the deviation from the strict segregation of cellular populations that occurs in normal cerebella. The granule cell layer, Purkinje cell layer, and molecular layer, which are obviously delineated in the +/+ cerebellum (Figs. 2a and 3a) , are less distinct in WV/+ (Figs. 2b and 3b) and some WV/-e +/+ cerebella (Figs. 2, c and d, and 3, d and e) . This is because there is a much more frequent occurrence of granule, Purkinje, and apparent Bergmann glia cell ectopia in the cerebellum of WV/+ and WV/-t, +/+ mice. In particular, Purkinje cells are found in the granule cell and molecular layers and granule cells are found in the molecular layer. Many cells that had the P-glucuronidase staining characteristics of Bergmann glia were seen displaced to the molecular layer in WV/+ and WV/-++ +/+ cerebella (Fig.  2, b and c ). This appears to be an additional feature in the general disarray of the weaver cerebellum. The numbers of ectopic Purkinje and granule cells in +/+, WV/+, and WV/-e +/+ cerebella are shown in Table III . Chimeras A through F have an intermediate expression of the WV/+ phenotype of displaced cells. Chimeras G and H and I and J show an expression of phenotype that is predominantly ic/ic and WV/+, respectively. Thus, such features of the WV/+ cerebellum as the reduction in the number of Purkinje and granule cells, the ectopia of granule, Purkinje, and Bergmann glia cells, and the reduced cerebellar size all were expressed in WV/-=+ +/+ cerebella. Photomicrographs at low magnification of sagittal sections of whole cerebella from +/+, WV/-++ +/+, and WV/+ mice. a, The cerebellum from a wild type (+/+) mouse shows a richly populated granule cell region inferior to the lcell-thick Purkinje cell layer. The molecular layer is basically free of granule, Bergmann glia, and Purkinje cells. b, The cerebellum of a WV/-++ +/+ chimera from a similar sagittal plane of section shows attenuated characteristics of the heterozygous weaver cerebellum (c): namely, a reduced cerebellar size, a thinner, less dense granule cell layer, and a less strict alignment of cell types due to ectopic granule cells and misaligned Purkinje and Bergmann glia cells. Cerebella were wax embedded, sectioned at 8 pm, and stained for ,+glucuronidase activity. In a through c, the calibration bar = 250 pm. Purkinje cell analysis. The position of Purkinje cells situated in ectopic positions (at least one Purkinje cell diameter from the Purkinje cell layer) was recorded. Purkinje cells in the molecular layer could be easily identified based upon the size of the cell body. The identification of ectopic Purkinje cells in the granule cell layer required more certainty because another group of relatively large neurons, the Golgi neurons, also occur in this region. In a particular plane of section, the defining characteristics of the Purkinje or Golgi neuron could be masked. To avoid mistakes in classifying ectopic cells, questionable cells were differentiated positively as either Purkinje or Golgi cells by examining the sections of cerebellum that immediately followed and preceded the cells in question. A rough, three-dimensional reconstruction from these serial sections of the questionable cells made it clear if the cell was of the Purkinje or Golgi type. Each verified Purkinje cell then was examined to determine if deposits of red stain were present (a WV/-Gush/Gush cell) or absent (a +/+ Gush/Gush cell). The ectopic Purkinje cells then were divided into two groups: those that arose from the WV/-Gusb/Gusb genotype and those that arose from the +/+ Gush/Gush genotype. As Table IV and Figure 2 show, there were ectopic Purkinje cells derived from each component in a proportion similar to that calculated for the entire Purkinje cell population.
Granule cell analysis. In five of the eight WV/-+/+ w +/+ ic/ic cerebella, the observed expression of the IC phenotype in the granule cells of the granular layer was different from +/+, WV/+, or ic/ic cerebella ( Fig. 3 ; Table   TABLE  II V). The percentages of ichthyosis-positive granule cells in the granular layer (those cells having 10% or more of their nuclear area occupied by centrally clumped heterochromatin) in chimeras C to G were 14.9, 11.2,11.1, 15.4, and 17.2. These compare to a mean positive score of 26.7% for ic/ic mice and 8.3% and 5.8% for WV/+ and +/+ mice, respectively. In the five chimeras, the calculated percentage of granular layer granule cells derived from the WV/-was 56, 74, 75, 54, and 45. In chimeras H, and I and J, the percentages of ichthyosis-positive granule cells in the granular layer closely corresponded with expected values for the ic/ic and WV/+ control cerebellum, respectively.
In order to determine the genotype of the granule cells that failed to migrate and remained in the molecular layer, the same analysis was performed on ectopic granule cells. Granule cells in the molecular layer could be easily distinguished from other cells by the color of the nucleoplasm, the paucity of cytoplasm, and their small size. There is a very small population of ectopic granule cells residing in the molecular layer of +/+ mice (see Landis, 1973) . This is also the case for ic/ic mice. The numbers of ectopic granule cells in some WV/-+/+ t-, +/+ ic/ic cerebella were more than in control mice but less than in WV/+ cerebella ( Fig. 3 ; Table III ). The expression of the IC phenotype in the ectopic granule cells of ic/ic and WV/+ mice was similar to that found for granule cells in the granular layer for each genotype: low levels for WV/+ cerebella and much higher levels for ic/ic cerebella ( Fig. 3 ; Table V ). This was not the case for four of the WV/-+/+ H +/+ ic/ic chimeras (C to F). Only 3.3%, 5.0%, 2.3%, and 5.1% of the ectopic granule cells expressed the IC phenotype. These percentages are what should be obtained for nonichthyosis cerebella and are in sharp contrast to the 14.9%, 11.2%, ll.l%, and 15.4% of the granular layer granule cells which were positive for the IC phenotype in the same chimeras (see Table V ). The calculated degree of chimerism of the molecular layer granule cells in each of these chimeras is 0. That is, 100% of the cells in these four chimeras are calculated to have arisen from the WV/-genotype and 0% from the ic/ic genotype. In contrast to the ectopic Purkinje cell population, the ectopic granule cells are derived only from the WV/-genotype and do not at all reflect the general chimerism of the cerebellum (i.e., size, granule cell number, and total populations of ectopic granule cells). The number of ectopic granule cells (Table  III) in chimeras G and H and I and J indicates the predominant participation of ichthyosis (with few ectopic cells) and weaver (with larger numbers of ectopic cells), respectively, in the granule cell colonization of the cerebellum.
The fact that few ectopic granule cells in chimeras C to F were IC in phenotype was not due to the inability of ectopic cells to express the phenotype or to any interaction between the WV and ic loci since: (I) the small, normal population of ectopic granule cells in the ic/ic cerebellum express the IC phenotype (Fig. 3a) and (2) in the WV/+ ic/ic double mutant cerebellum, the larger population of ectopic granule cells expressed the IC phe- notype to the same extent as +/+ ic/ic ( Fig. 3~ ; Table +/+ w +/+ ic/ic chimeras, these clumps were analyzed w. for the expression of the IC nuclear phenotype along with It was common to find ectopic granule cells of the the granule cells in the granule cell layer just subjacent molecular layer occurring in small clumps. In two wu/-to the ectopic clumping of granule cells. It was thought that an analysis of granule cells that arose from a similar, restricted pool of precursors might give percentages at odds with the previous, more global analysis. This was not the case. The results were the same as previously determined for whole populations of ectopic and normally positioned granule cells in these chimeras: while the granular layer had a mixture of granule cells derived from both genotypes, the molecular layer contained granule cells that did not express the IC phenotype above +/+ levels. A summary of our findings is presented schematically in Figure 4 .
Discussion
The interpretation of data from mutant fs normal chimeras is a process of comparing the phenotype of a cell (i.e., mutant or normal) with its genotype. If a population of chimeras always appears completely normal, it would be suggestive of a diffusible substance "curing" the disorder or of cell selection. Conversely, if the chimeras appear completely mutant, it would be suggestive of a toxic substance released from mutant cells. However, when chimeras exhibit a mosaic appearance, it suggests that the gene in question is acting within particular cells and/or specific cell interactions are involved. By using independent cell markers to determine the genotype of a cell regardless of its phenotype, it becomes possible to determine if only genotypically mutant cells appear abnormal (indicative of the gene acting within the cell) or whether genotypically wild type cells also are expressing the mutant phenotype (indicative of the gene acting in some other cell type). Of the six chimeras that clearly had a mixture of WV/-and +/+ cells in the cerebellum, it seems most likely that the WV/-component was in fact heterozygous, WV/+. As was implicit in our analysis of the material and presentation of the data, the chimeric cerebellar phenotypes were, in fact, intermediate to the WV/+ and the wild type cerebella. In light of these results, it seems reasonable to equate the tentatively used WV/-designation with the WV/+ genotype.
Purkinje cell ectopia: A secondary effect. Several genetic mutations involving the cerebellum that affect Purkinje cells also have adverse effects on the development and/or survival of cerebellar granule cells (Purkinje cell degeneration, Ghetti et al., 1978; staggerer, Sidman, 1968; reeler, Hamburgh, 1963; and lurcher, Caddy and Biscoe, 1979) . In three of these mutants, Purkinje cell degeneration (Mullen, 1977a) , staggerer , and lurcher (Wetts and Herrup, 1982) , the Purkinje cell has been shown to be a primary site of gene action though not necessarily the only one. With the exception of the mild ectopia (Rakic and Sidman, 1973b ) and the slightly reduced numbers (Rezai and Yoon, 1972) , there is little in WV/+ mice to suggest that the Purkinje cell is a primary target of the weaver mutation. Indeed, the present study provides confirming evidence on this point at least for Purkinje cell ectopia. In the two WV/+ Gusb/Gusb ++ +/+ Gush/Gush chimeras examined, Purkinje cells derived from the wild type component were as likely to be found in ectopic positions as were Purkinje cells derived from the WV/+ component. Thus, some factor extrinsic to the Purkinje cells is responsible for Purkinje cell ectopia in the WV/+ cerebellum.
Granule cells: An intrinsic site of gene action. The analysis of granule cell ectopia in weaver chimeras is (Landis, 1973) . In addition, the cell-markof IC-positive cells in the granular layer of chimera G is ing system that we used (i.e., ichthyosis) requires analyzan example of the type of difficulties than can arise with the cerebellum of WV/+ ic/ic double mutant mice also expressed the IC nuclear phenotype. Thus, in the chimeras, the observation that the ectopic granule cells are 100% WV/+ +/+ in genotype leads us to conclude that only the weaver granule cells are having difficulties migrating. Therefore, we conclude that the migratory defect in the heterozygous weaver mutant is intrinsic to the granule cell. Any other cellular site of gene action that might affect granule cell migration also would be expected to act randomly on granule cells derived from either the WV/+ or ic/ic genotypes and produce a mixed population of ectopic granule cells. Only an unprecedented (and difficult to imagine), nearly perfect matching in the chimeric cerebellum of WV/+ cells and the cell type that determines successful granule cell migration could provide the results obtained in the present study. However, since granule cells arise from the external granular layer, while most other cell types arise from the ventricular zone, it would seem to be an extremely remote possibility that WV/+ granule cells were always juxtaposed to other cells of the same genotype. Nevertheless, this possibility could be examined in the developing cerebellum of chimeras by identifying the genetic heritage of individual granule cells and the particular cell which may serve as critical guides for granule cell migration (such as the Bergmann glia cell or the Purkinje cell; see Das et al., 1974 ).
In one chimera (H), the cerebellum appeared completely normal and the granule cells were predominantly +/+ ic/ic in genotype. In two other chimeras (I and J), the cerebella were similar to WV/+ and the genotype analysis suggested that cells in both the granule cell layer and molecular layer were WV/+ in genotype (i.e., WV/+ +/+). Since we cannot control the proportions of cells in chimeras, it is not surprising that we would find these two groups of chimeras representing opposite ends of the spectrum.
The implications from the present findings are that the granule cells exert important influences upon Purkinje cell survival, positioning and form (Mariani et al., 1977) , and gliomorphogenesis (see Altman, 1975) in the developing cerebellum. Previous studies (Rezai and Yoon, 1972; Rakic and Sidman, 1973b) have not found any differences between +/+, WV/+, and WV/WV cerebella before 3 or 4 days postnatal. This suggests that the establishment of the correct number, morphology, and positioning of Purkinje and Bergmann glia cells may depend upon the granule cells' occupation of the internal granular layer for final development. Such conclusions await a closer look at the early development of the WV/+ and WV/+ ++ +/+ cerebellum. Until the causal link between gene action in the granule cell and the Purkinje and Bergmann glia cells' deficits can be established, a single site of action of the WV gene and the important implications that follow are speculative. It is the third group of four chimeras that is most Other possible sites of gene action and the homozyinformative regarding the site of gene action. In these gous mutant. As discussed by Mullen (1977b) , when we chimeras, mosaicism was evident in the granule cell layer denote a site of gene action, such as in the granule cells, which was a mixture of WV/+ +/+ and +/+ ic/ic granule we are not ruling out other sites, but these potential sites cells. This was not the case, however, for the population of gene action are not necessary or sufficient to create of ectopic granule cells in the molecular layer of these the mutant phenotype, such as the granule cell deficit in four chimeras. The analysis of the heterochromatin in the WV/+ cerebellum. The cause of a reduced Purkinje the ectopic granule cells indicated that no detectable cell population, Purkinje cell ectopia, aberrant Bergmann population of cells had arisen from the ic/ic component, glia morphology, and ectopic Bergmann glia cells may be and therefore, all excessive ectopic granule cells had due to additional sites of gene action. It is well established come from the WV/+ component of the chimera. This that glial elements guide migrating cells (see Rakic, 1981) . could not have been due to a different phenotypic expres-It is possible in the chimera that a pairing of WV/+ sion of heterochromatin in the nuclei of ectopic ic/ic Bergmann glia and WV/+ granule cells is necessary to granule cells since the rare ectopic granule cells in ic/ic result in the WV/+ phenotype of ectopic granule cells. control animals do express the peculiar nuclear pheno-This possibility would lead to the prediction that we type that is characteristic of ic/ic granule cells in the should see a dilution of the number of ectopic granule granular layer. Furthermore, the ectopic granule cells in cells in chimeras since a certain percentage of WV/+ granule cells would be associated with +/+ Bergmann glia. However, the overall granule cell ectopia in chimeras C to F was approximately 60% of that observed in WV/+ mice and the calculated percentage of WV/+ granule cells in these chimeras was also 60% (data derived from Tables  III and V) . The aforementioned possibility is not, therefore, supported by the present data. Thus, the glial role may be more a matter of convenience than critical importance. Our results are interpreted not as detracting from the overall conceptual framework of glia guidance of migrating cells but as removing observations on the heterozygous weaver mutant from supporting such a role. For the WV/WV cerebellum, we cannot yet make such a statement.
The homozygous mutant cerebellum may present an even more complex picture. With a second dose of the weaver gene, crippling defects in additional cell types may be recruited to affect cerebellar development significantly. Our preliminary results with homozygous weaver chimeras indicate that an increased complexity of gene action may indeed be the case. Our studies on the heterozygous mutant, however, would support the hypothesis of Sotelo and Changeux (1974) that the granule cell is the primary site of gene action in the WV/WV cerebellum.
Tissue culture studies designed to discriminate genetic versus environmental determinants of weaver granule cell behavior have come up with interesting results. Messer and Smith (1977) reported a cure of the WV/WV granule cell deficit in a tissue culture situation.
Other in vitro work, however, has found that the WV/WV granule cell deficit persists (Trenkner et al., 1978; Privat et al., 1978; Willinger et al., 1981) . In the study reported by Messer and Smith (1977) , it may have been an artifact of the cell culture milieu, such as an arrest of further development and expression of the weaver phenotype, that enabled granule cells to survive.
Speculation on gene action in granule cells. The temporal and cytostructural localization of gene action in the granule cells is still unknown. The gene effect does not appear to be acting solely at the migratory stage of granule cell development since it has been observed that granule cells can reach the internal granule cell layer successfully before they die. The final mitotic division marks the conversion of the cell from neuroblast to differentiating neuron. This morphological and functional change must be mediated by the elaboration of a constellation of new macromolecules which the weaver gene may affect. The subsequent difficulty in migration in the WV cerebellum might arise from a step in differentiation, such as axonal outgrowth (Willinger et al., 1981) . Recent studies on hypo-and hyperthyroid rats suggest that granule cell fiber outgrowth may be vital to granule cell migration (Lauder, 1979) . Such a role for "primitive processes" has been suggested in other developing regions of the brain (Morest, 1970) . Homozygous weaver granule cells are impaired severely in elaborating any sort of axonal processes (Rakic and Sidman, 1973b Trenkner et al. (1978) . In culture media that had delipidated serum, the WV cerebellar reaggregates had improved granule cell survival, cable formation, and granule cell migration. Further work on the temporal and spatial action of the WV gene would give new information about the cellular interactions that are involved in neuronal differentiation and the elaboration of normal and mutant neuronal assemblies. Such work can provide a closer point from which to investigate the translation of genome to gene product to structural determination in the nervous system. The determination of the cellular site of gene action is a step in this process.
